When biased at a voltage just below a superconductor's energy gap, a tunnel junction between this superconductor and a normal metal cools the latter. While the study of such devices has long been focussed to structures of submicron size and consequently cooling power in the picoWatt range, we have led a thorough study of devices with a large cooling power up to the nanoWatt range. Here we describe how their performance can be optimized by using a quasi-particle drain and tuning the cooling junctions' tunnel barrier. To cite this article: H. Courtois, H. Q. Nguyen, C. B. Winkelmann, J. P. Pekola, C. R. Physique x (2016).
Introduction
Due to Joule heating, an electronic bath in a circuit has usually a temperature higher than the bath temperature. The ability of electronic cooling thus opens unusual perspectives, both practical or fundamental.
In general terms, cooling an ensemble of particles can be achieved by replacing high-energy particles by lowenergy ones. This selective evaporation scheme requires the implementation of an energy-selective filter. The electronic density of states of a superconductor offers such a filter as it is zero within an energy gap centered at the Fermi level. Electron tunneling through a NIS junction between a normal metal to be cooled and a superconductor is strongly energy-selective: only electrons with an energy (with respect to the Fermi level) higher than the energy gap can escape from the metal and only electrons with an energy below the energy gap can be injected into the same metal. In this way, the electronic temperature of the electronic population as a whole is reduced compared to the environment.
Assuming that the electronic populations in both the normal metal and the superconductor can be described by Fermi distributions fN and fS at respective temperatures TN and TS, the cooling power of a NIS junction biased at a voltage V writes [1, 2, 3] :
Here, RT is the tunnel resistance, NS is the superconductor's density of states, kB is the Boltzmann constant and e is the electron charge. At the optimum cooling bias eV ∆ − 0.66kBTN and at low temperature TN Tc, where Tc is the critical temperature, it is:
where ∆ is the superconductor's energy gap. The efficiency of the cooler is:
where I is the (charge) current. It amounts to about 20% near TN = 350 mK for aluminium with a Tc 1.3 K. Aluminum is the standard choice of a superconductor thanks to the high-quality of its oxide which ensures a tunnel barrier without pinholes.
The heat current in a NIS junction [4] is an even function of the voltage bias, which makes that a SINIS junction biased at a double bias (close to 2∆) operates just like a simple NIS junction but with a double power and most importantly a very good thermal isolation [5] . This makes that SINIS junctions are always preferred to plain NIS junctions.
The smaller the tunnel resistance of a junction, the larger its cooling power, as long as only single-particule tunneling is considered. The contribution of Andreev reflection to the transport can be enhanced by the confinement by disorder and lead to a quite detrimental heat current even though the charge current remains small [6, 7, 8] . In terms of cooling, there is thus an optimum for the barrier transparency.
In general, the most significant opposing heat current toQNIS comes from the electron-phonon interaction in the normal metal. The most accepted form for a metal writeṡ
where Σ = 2 × 10 9 WK −5 m −3 for Cu, V is the volume of the normal island, T ph is the phonon temperature. If the phonons are weakly coupled to the external world, they can be cooled as a consequence of electron cooling. This effect was first identified through the analysis of electronic coolers' performance [9, 10] and then directly identified through the measurement of the phonon temperature [11] . As will be discussed below, phonon cooling can significantly improve the performance of electronic coolers.
Still, the main limitation to electronic cooling is widely recognized as being the imperfect evacuation of quasiparticles created by the tunneling events from the vicinity of the tunnel junctions in the superconducting electrodes [12] . The decay of the quasiparticle density involves quasiparticle recombination retarded by phonon retrapping [13, 14] . In this process, two quasiparticles initially recombine to form a Cooper pair, resulting in the creation of a phonon of energy 2∆. This phonon can be subsequently re-absorbed by a Cooper pair, resulting in two new quasiparticles. The 2∆ energy leaves the superconductor when either the phonons or the quasiparticles escape to the bath. The basic strategy to address this issue relies on the presence of quasi-particles traps made of pieces of normal metal coupled to the superconducting electrodes [15, 16, 17] . Still, the poor coupling of the traps due to the presence of the same tunnel barrier as in the cooling junctions is a severe limitation. As an interesting alternative, vortices could be created in the superconducting electrodes by applying a magnetic field, and their position was controlled by the geometry of the electrodes [18] . Vortices act as a local trap for quasi-particles but this approach imposes a magnetic field, which is not compatible with the use of large tunnel junctions.
Eventually, the practical implementation of electronic cooling [19, 20] actually calls for large cooling powers, well above the usual picoWatt range of electronic coolers fabricated with angle evaporation on a suspended resist mask. As the charge current is larger in this case, a large-area junction brings more stringent conditions for the quasi-particle evaporation [21] . The geometry, the quasi-particle evacuation and the tunnel barrier transparency need to be specifically optimized.
In this paper, we review our recent work on electronic coolers based on large-area NIS junctions. We describe a strategy which enabled us to reach unprecedented performances by solving to a great extent the long-standing question of evacuation of the quasi-particles generated by the cooler's operation.
Implementation of superconducting coolers from a multilayer
We have developed a new approach for the fabrication of large-area tunnel junctions [22] . A wafer-scale multilayer is selectively etched either isotropically or anisotropically by using masks patterned by UV lithography. Figure 1a gives an overview of the process in the simple case of a Al/AlOx/Cu multilayer. A first UV lithography of a resist layer (blue color) defines the overall geometry of the device with its contacts, as well as a series of holes (or dots), forming a kind of dotted line. The Cu layer (orange) is first etched with an Ar ion beam or using chemicals. The Al layer (green) is afterwards isotropically etched with a weak base. The dotted line was designed so that, thanks to the lateral over-etch, the etched regions around every dot overlap, thus forming two separate Al electrodes. The Cu central island is afterwards defined through a second UV lithography and etch. Figure 1b optical image shows a complete device while Figure 1c shows a side-view of a sample cut with a focussed ion beam. This process provides SINIS junctions with absolutely no limitation in area and a structural quality determined by the initial multilayer which can be epitaxial.
In the same sample, additional superconducting tunnel probes can be connected to the cooled metal. As the sub-gap (charge) current of such a NIS junction is highly sensitive to the electronic temperature, it provides a sensitive electron thermometer [23] . The usual method is to bias the junction at a fixed and small current, chosen Table 1 Devices presented throughout the paper. The drain barrier is the thin insulator between Al and AlMn, and the cooler barrier is the main barrier between Al and Cu. The related numbers refer to oxidation pressure in mbar and time in second, while the symbol * denotes the use of a oxidation mixture of Ar:O2 with ratio 10:1. The direct trap column notifies the presence of a direct trap or not. 2R T is the tunnel resistance of the two NIS cooling junctions measured in series, and 2∆ is the energy gap obtained from a BCS fit. " Figure" indicates the figure where data on a given sample is shown. Every sample has NIS junctions' size of 70×4 µm 2 .
so that it does not contribute to cooling. The measured voltage is directly related to the electronic temperature. A high sensitivity, typically better than 0.1 mK, is easily achieved. Figure 1d shows the differential conductance of a typical device at various bath temperatures on a logarithmic scale which highlights the details of the sub-gap conductance. The typical behavior of a SINIS junction is obtained, with in addition a differential conductance peak at zero bias arising from Andreev reflection. At this point, one can distinguish the presence of electronic cooling through the curvature of the differential conductance plot in the sub-gap regime. An isothermal behavior would indeed exhibit a linear dependence on a semi-log scale. Still, the electronic cooling remains quite modest, for instance by 60 mK starting from a bath temperature of 300 mK [22] .
Direct trap
Owing to the large junction area of our devices, the estimated cooling power of devices such as described above lies in the nanoWatt range. Still, the related large bias current makes the question of quasiparticle evacuation much more stringent than in conventional devices, which can limit the performance. In the original design, see Fig. 2a , quasiparticle traps are naturally present since a Cu layer covers the Al electrodes. Nevertheless, this layer is coupled to the electrodes through a tunnel barrier.
As a first step, we have replaced these tunnel-coupled traps by direct traps, i.e. metal directly coupled to the superconducting electrodes, without oxide in-between, see is followed by Cu deposition and lift-off. This direct contact between Al and Cu should both evacuate efficiently quasiparticles from the electrodes and couple them more strongly to the bath. Figure 3 compares the behavior of the same sample in its original state with traps coupled to the leads through a tunnel barrier (B1), and after subsequent modification with direct traps (B2). A significant improvement of the cooling performance is observed, with the lowest temperature achieved dropping from 275 down to 229 mK. It is related to a significant drop of the superconducting leads' electronic temperature, which nevertheless remains quite high. The obtained performance thus remains far from the theoretical expectation in the hypothesis of efficient evacuation of quasiparticles. We conclude that direct traps alone cannot solve the issue of quasiparticles evacuation for these high power coolers.
Quasi-particle drain
The efficiency of lateral traps is limited by the distance between the injection regions and the traps, up to a few microns in our case. In order to address this, we have modified the device geometry by adding another normal metal layer below the superconducting Al electrodes [24, 25] , see Fig. 2c . This additional layer acts as a quasiparticle drain. As for the material, an AlMn alloy [26] was chosen as it retains the Al oxide quality while being nonsuperconducting. More importantly, it also carries the same chemical properties as Al during the chemical etch, so that the two layers etched simultaneously yield an identical final geometry. The quasiparticle drain stays so close to the NIS junction that an oxide layer is required to stop proximity effect that can soften the superconducting gap. This tunnel interface between the AlMn drain and the Al electrodes can be tuned independently of the tunnel barrier of the cooling junction, thus bringing additional flexibility for the device optimization. Figure 4 a shows the current voltage characteristic at a bath temperature of 50 mK for a series of samples with different drain barrier transparency, but (almost) identical barriers for the cooling junctions, see Table 1 . The two innermost curves stand for sample C and D, which have no barrier at the drain interface with the leads or a very thin barrier, respectively. Superconductivity in the Al electrodes is then affected by a strong inverse proximity effect, which results in poor electronic cooling. Samples E1, E2, E3 are fabricated with a stronger barrier for the drain. They show a sharp characteristic, with sample E3 (not shown) behaving very similarly to sample E2. Figure  4 b displays the electronic temperature achieved at the optimum point as a function of the bath temperature. The presence of a quasi-particle drain thus improves significantly the cooling performance. Sample E3 with the minimum oxidation on the drain tunnel junction shows the best cooling among the sample set.
Let us now consider the effect of the resistance of the cooling junctions on the cooling performance. A smaller tunnel resistance leads to a large cooling power, which is beneficial, but also to a stronger quasiparticle injection, which is detrimental. Figure 5 shows the electronic temperature at the optimum point for a series of samples differing in this respect only. Over our sample set, sample J2 shows the best compromise between performance Table 1 . (b) Temperature of the normal metal island T N at the optimum bias as a function of bath temperature T bath . Samples E1, E2, and E3 differ only in their tunnel resistances between the drain and the superconducting electrodes (see Table 1 ). The gray dotted line is the 1-1 line at the boundary between cooling and heating.
at very low temperature and operation at higher temperature. It reaches a record electronic temperature of 30 mK when the bath temperature is 150 mK. This achievement confirms the relevance of the quasi-particle drain geometry for the evacuation of quasi-particles generated by the cooler's operation.
Made from sample J1, the optimized sample J2 has direct traps ( Fig. 2d ) and is measured with the highest shielding possible. The moderate improvement from J1 to J2 again confirms that direct traps do not provide a dominant relaxation mechanism. Compared to J1-2, samples G and H have a thinner drain barrier and do not perform as well at low temperature. Sample I has a thicker barrier and performs equally well as J1-2 at low temperature but not as well in the intermediate temperature regime.
When comparing the calculated cooling powerQNIS from Eq. (1) to the electron-phonon coupling powerQ eph from Eq. (4), one concludes that the phonons are not well thermalized at the bath temperature, but cool to a lower intermediate temperature, i.e. T ph < T bath . Our present device geometry is actually quite relevant for phonon cooling, as the cooled normal metal is isolated from the substrate. If one assumes the existence of independent phonon populations, the phonons of the cooled metal are coupled to the bath through the superconducting electrodes, which introduces at least two interfaces between different materials. The related Kapitza resistance thus significantly decouples the metal phonons from the bath, which enhances electronic cooling. The phonon cooling extracted from the data analysis amounts up to 20 mK [25] . It is maximum at relatively high temperatures of about 350 mK, which is expected since the Kapitza resistance is proportional to T 4 while the electron-phonon coupling varies as T 5 .
Conclusion
We have shown how electronic cooling can be optimized in specially-designed Normal metal -Insulator -Superconductor junctions with a large area. The two key ingredients that have been worked on are: (i) the tunnel barrier transparency for the cooling junctions, (ii) the coupling to a quasiparticle drain, again through a (separate) tunnel junction. This being done, we have demonstrated a temperature reduction of a factor 5, from 150 mK down to 30 mK, and a cooling power of the order of one nanoWatt. Further improvement could be achieved by using active traps, where the traps themselves are cooled electronically [27] , or, similarly, cascade coolers where the superconducting electrodes of a SIN device are directly cooled using a SIS' junction, where S' is a superconductor with a larger energy gap [28] . Moreover, spin-filtering barriers may help in eliminating Andreev processes [29] . 
